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(54) IHigh efficiency thermally regenerated internal combustion engine 



(57) A thermal regenerator (51 ) used on an internal 
combustion engine (10) normally absorbs heat from ex- 
panded hot combustion gases when moved In one di- 
rection and transfers the absorbed heat to the com- 
pressed intake air when moved through the air in an op- 
posite direction. In order to improve efficiency of the 
thermal regenerator (51 ), finely dispersed cooling liquid 
Is added to the intake air to cool the Intake air to a lower 
temperature before the thermal regenerator (51) trans- 
fers the absorbed heat. When compressing a mixture of 
finely dispersed cooling liquid In the Intake air, the va- 
porization of the cooling liquid reduces compression 
work and the resultant temperature. The reduced com- 
pression temperature allows more heat to be extracted 
from the exhaust, raises the effectiveness of the regen- 
erator (51) and the efficiency of the engine (10). 
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Description 

This invention relates generally to an in-cylinder 
thermal regenerator for an internal combustion engine. 

Thermal regeneration has been proposed for In- 
creasing the thermal efficiency of an internal combus- 
tion engine. Thermal regeneration consists of the intro- 
duction of a heat exchanger within the cylinder which 
has a core made from a material capable of withstanding 
high temperatures while exhibiting low thermal conduc- 
tivity. During the exhaust cycle of the engine, the core 
absorbs the exhaust gas heat which is then transferred 
from the core to the working fluid following the compres- 
sion cycle, but prior to or during the combustion of fuel, 
in order to reduce the required quantity of fuel to be 
burned. 

A regenerative internal combustion engine Is dis- 
closed in U.S. Pat. No. 4,790.284, and which describes 
a regenerator which captures the unutilized heat nor- 
mally expelled with the exhaust products of an engine 
and transfers it to the fresh working fluid at the appro- 
priate time in the next engine operating cycle to reduce 
the quantity of fuel which must be burned such as that 
described above. This is accomplished through the use 
of a permeable, movable heat exchanger located be- 
tween the piston and the cylinder head. However, the 
quantity of heat which can be recirculated in this way 
corresponds to the cooling from the temperature of the 
exhaust gas after expansion to the temperature of the 
compressed gas late in the compression process. 
Therefore, when the gas is compressed Isentropically, 
Its end-of-compression temperature is high which limits 
the efficacy of the regenerator. 

The present invention is directed at overcoming this 
problem. 

In one aspect of the present invention, an internal 
combustion engine has a cylinder block with an annular 
open ended bore defined therein. A crankshaft is rotat- 
ably mounted within the cylinder block. A piston is op- 
eratively associated with the crankshaft and is mounted 
for reciprocation between a top dead center position at 
an uppermost location and a bottom dead center posi- 
tion at a lowermost location in the annular open ended 
bore. A head is mounted In closing relation to the annu- 
lar open ended bore. 

A thermal regenerator is positioned within the an- 
nular open ended bore and movable between the cylin- 
der head and the piston. A regeneration chamber is de- 
fined within the annular open ended bore between one 
of the cylinder head and piston and the thermal regen- 
erator at certain positions of the regenerator. A combus- 
tion chamber is defined within the annular open ended 
bore between the other of the cylinder head and piston 
at certain positions of the regenerator An Intake valve 
means Is provided for admitting fresh air into the cold 
chamber. Exhaust valve means is provided for expelling 
exhaust gases from the chamber. Means for injecting 
fuel Into the annular tore is provided for the combustion 



of the fuel In the combustion chamber. A source of cool- 
ing liquid is provided. An injection means is included for 
adding a preestablished quantity of cooling liquid into 
the cold or regeneration chamber during a predeter- 
s mined operating cycle of the engine. 

The present invention utilizes a thermal regenerator 
which absorbs heat from hot combustion gases when 
moved in one direction and transfers the absorbed heat 
to cool Intake air when moved in an opposite direction. 
10 The addition of cooling liquid, preferably of a high latent 
heat of vaporization, into the intake air as disclosed 
herein cools the intake air to a tower temperature before 
the thermal regenerator transfers the absorbed heat. 
Therefore the quantity of heat exchanged by the regen- 
ts erator is increased, the temperature of the exhaust is 
reduced and the effectiveness of the thermal regenera- 
tor is increased. Alternatively the cooling liquid may be 
used to reduce the temperatures required for combus- 
tion and the regenerator while maintaining very high en- 
20 gine efficiency. 

Two examples of engines according to the invention 
will now be described with reference to the accompany- 
ing drawings, in which: 

2S Fig. 1 is a schematic representation of one embod- 
iment of a regenerative internal combustion engine; 
Figs. 2, a-j are a schematic representation of the 
operational sequence of events in the four stroke 
cycle operation of the engine of Fig. 1 ; 

30 Fig. 3 is a schematic representation of another em- 
bodiment of a regenerative internal corribustlon en- 
gine; and 

Figs. 4, a-j are a schematic representation of the 
operational sequence of events in the four stroke 
35 cycle operation of the engine of Fig. 3. 

The invention disclosed herein may be used with 
either a two or four stroke engine. For convenience, four 
stroke diesel-cycle engines are illustrated, but It will be 
40 readily appreciated that the Invention will be applicable 
to other types and configurations of engines. 

Referring now to the drawings and in particular Figs. 
1 and 2a-j, an internal combustion engine 10 Includes a 
cylinder block 12 with a cylinder 14 at an upper end 16. 
45 A crankshaft 20 is rotatably mounted within the cylinder 
block 1 2 at a lower end 24. A piston 28 is mounted within 
the cylinder 1 4 and is sealed against the wall of the cyl- 
inder 14 by a plurality of piston rings 30. The piston 28 
is connected to the crankshaft through any type of suit- 
so able means capable of providing reciprocating, linear 
movement, such as a conventional connecting rod 34 
and piston pin 38 or any other linkage. The piston 28 
reciprocates between a top dead center (TDC) position 
at an uppermost location and a tottom dead center 
55 (BDC) at a lowermost location in the cylinder 14. The 
reciprocation between the top dead center (TDC) posi- 
tion and the tottom dead center (BDC) positbn within 
the cylinder 14 defines the four-stroke cycle of the en- 
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gine 10 including the intake, compression, power, and 
exhaust strokes. 

A cylinder head 42 is nnounted at the upper end 16 
of the cylinder block 12 in closing relation to the cylinder 
14. The cylinder head 42 has a bore 46 therein coaxial s 
with the cylinder 14 in the cylinder block 12. A chamber 
or engine cylinder 49 is formed within the cylinder 1 4 by 
and between the cylinder head 42 and the piston 28. A 
regenerator 51 (described in more detail below) Is 
shown positioned in the cylinder 14 and Is movable in 
said cylinder 1 4. A combustion chamber 50 is defined 
between said regenerator 51 and the head 42 in the cyl- 
inder 14 and a cold chamber 52. of variable size, is de- 
fined between the piston 28 and said regenerator 51 . 

An intake valve 62 and exhaust valve 66 are dis- 
posed within the cylinder block 1 2 within an intake port 
54 and an exhaust port 58 defined within the cylinder 
block 12 and are In fluid communication with the top of 
the cylinder 1 4.The intake valve 62 admits ambient air 
into the cylinder 14 during the intake stroke of the en- 
gine. A sensing means 68 such as a conventional hu- 
midistat for sensing the humidity of the intake air is po- 
sitioned within the intake port 54. The exhaust valve 66 
allows the exhaust port 58 to expel exhaust gases from 
the engine cylinder 14 during the exhaust stroke. The 
intake and exhaust valves 62,66 are selectively moved 
to the open and closed positions by any conventbnal 
actuation means, such as a camshaft (not shown). 

A conventional fuel injector 76 is disposed within the 
head 42 at an angle, to inject the appropriate quantity 
of fuel into the combustion chamber 50 at the desired 
time during the operating cycle of the engine 10. 

The regenerator 51 Is a permeable heat exchanger 
which consists of two components, a core 84 and an 
auxiliary supporting structure 86. The regenerator core 
84 is made of a material having the capability to with- 
stand high temperatures and is so constructed as to 
have low thermal conductivity in a direction parallel to 
the longitudinal axis of the cylinder 1 4. The auxiliary sup- 
porting structure 86 consists of a pair of metal disks 
90,90' and a cylindrical skirt 94 separating the core 84 
from the wall of the cylinder 14. A regenerator actuating 
rod 100 is connected at an end to the top metal disk 90 
in any suitable manner and allows the regenerator to 
move in the engine cylinder 14. The actuation of the rod 
100 can be accomplished by any suitable means 104 , 
such as mechanical, hydraulic, pneumatic, or electric 
actuator responsive to an input signal. The actuation of 
the rod 100 is controlled by any suitable means 108, 
such as an electronic or electric signal communicating 
with the actuating means 104. For additional detail on 
the thermal regenerator 51 , refer to US-A-4.790,284. 

A cooling liquid injector 110 is positioned within the 
head 42 at a position to inject cooling liquid, preferably 
water, into the cylinder 14. The injector 110 should be 
equipped with a nozzle (not shown) capable of finely dis- 
persing the cooling liquid during injection. A cooling liq- 
uid line 1 1 4 connects the injector 1 1 0 to a source of cool- 



ing liquid 116. A valve 118 Is disposed within the cooling 
liquid line 1 1 4 and controls the flow of cooling liquid from 
the cooling liquid source 116 into the injector 110. The 
valve 118 is responsive to a signal from the control 
means 108 which is connected and responsive to the 
sensing means 68. The valve 118 moves to the open 
and closed positions at specific times during the oper- 
ating cycle of the engine. A separate control means 
could be used to control the timing of the injector 110 
and the valve 118 may be disposed within the injector 
110. 

Another embodiment of the present invention is 
shown in Figs. 3and4a-j. The same reference numerals 
as used in describing the first embodiment are used to 
designate similar elements in this embodiment. 

In use on the intemal combustion engine 10 and re- 
ferring more specifically to Figs. 2a-2j, the four stroke 
cycle operation of the engine 10 is depicted. Figs. 2a-2j 
showthe positions of the piston 28, regenerator 51 , and 
valves 62,66 at various times or crankshaft angles dur- 
ing the cycle. The design of the engine of Figs. 2a-2j is 
such that the high temperature volume (or combustion 
chamber), where the combustion occurs, is located be- 
tween the regenerator 51 and the cylinder head 42, and 
is referred to as a cold piston engine design. In the en- 
gine cycle the first step (Fig. 2a) consists of opening the 
intake valve 62 while the piston 28 Is near the top dead 
center position (TDC), with the exhaust valve 66 ctosed, 
and the regenerator 51 positioned as close as possible 
to the surface of the cylinder head 42. The intake stroke 
is accomplished by moving the piston 28 to near the bot- 
tom dead center position (BDC) while the regenerator 
51 remains in place (Figs. 2a-2b). The downstroke of 
the piston 38 draws fresh air through the intake valve 
62 and into the volume between the piston 28 and the 
regenerator 51. The humidity level of the fresh air is 
monitored by the sensing means 6B which sends a sig- 
nal to the controlling means 108 and the controlling 
means 108 sends a signal to the valve 118 to open al- 
lowing cooling liquid to enter the cold chamber 52 be- 
tween the piston 28 and the regenerator 51 through the 
nozzle (not shown) in the injector 110. 

Next, the intake valve 62 is closed (Fig. 2c), and the 
piston 26 is moved upwardly, compressing the air (Figs. 
2c-2d). It should be understood that the controlling 
means 108 may, alternatively, send the signal to the 
valve 118 during the compression stroke. The cooling 
liquid is be Injected Into the cold chamber 52 in a fine 
dispersion which may be further dispersed by the intake 
of fresh air. The injection of the finely dispersed cooling 
liquid into the cold chamber 52 lowers the temperature 
and increases the density of the intake air, thereby al- 
lowing a greater volume of fresh air into the volume be- 
tween the piston 28 and the cylinder head 42. When 
compressing a mixture of finely dispersed cooling liquid 
in the fresh air, the vaporization of the finely dispersed 
cooling liquid reduces the compression work and the re- 
sultant temperature after compression. 
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When the piston 28 is at or near the top dead center 
position (TDC), the vaporization of the liquid is complete 
and the regenerator 51 is moved downward (Figs. 2d- 
2e) to a position very close to the piston 28. The lower 
temperature compressed air enters the lower, cooler 
surface of the regenerator 51 and is heated as it 
progresses through the regenerator 51 , the regenerator 
51 having been heated earlier (in the previous engine 
cycle) as described below. The heat transfer between 
the lower temperature compressed air and the regener- 
ator 51 is greater than the heat transfer in a conventional 
regenerator system, increasing the effectiveness of the 
regenerator 51 . 

The compressed air emerges from the hot upper 
surface of the regenerator 51 into the combustion cham- 
ber 50 at a higher temperature and fuel is then injected 
into the heated air in the combustion chamber 50 and is 
burned to add heat to the working fluid (Fig. 2f). The high 
pressure working fluid pushes the piston 28 downward 
to at or near its bottom dead center position (BDC), while 
the regenerator 51 is moved to follow the piston 28 as 
close as possible (Figs. 2f-2g). Before the piston 28 
reaches the bottom dead center position (BDC), the re- 
generator 51 reverses and is moved upward (Figs. 2h- 
2i) through the expanded combustion products so as to 
extract the unutilized high temperature heat remaining 
in the gas. The exhaust stroke (figs. 2i-2j) is performed 
by opening the exhaust valve 66, at any time after the 
regenerator 51 has passed by and is above the exhaust 
port, and by moving the piston 26 to its top dead center 
position (TDC). The rising piston 28 forces the spent, 
cooled combustion products out through the exhaust 
valve 66. The exhaust valve 66 is then closed, the Intake 
valve 62 is opened, and the next cycle of operation be- 
gins. 

Operating the engine 10 of Fig. 1 in a two stroke 
cycle is similar to the four stroke cycle described above. 
However, the intake and exhaust processes occur near- 
ly simultaneously, near or after the completion of the 
power stroke. As the piston 28 approaches bottom dead 
center position (BDC), the regenerator 51 rises to the 
cylinder head 42. The exhaust valve 66 opens, dis- 
charging the pressurized combustion products, which 
travel from the cold chamber 52 between the regenera- 
tor 51 and the piston 26 and escape out the exhaust 
valve 66. As soon as the pressure has dropped suffi- 
ciently the intake valve 62 is opened. Scavenging then 
occurs with both valves 62,66 open and fresh air enters 
to displace exhaust gas. Both valves 62,66 subsequent- 
ly close early in the compression stroke. During this por- 
tion of the cycle, the controlling means 108 sends a sig- 
nal to the valve 116 to open allowing cooling liquid to 
enter the cold chamber 52 through the nozzle (not 
shown) in the Injector 110. It shoukJ be understood, as 
mentioned above, that the controlling means 108 may 
send the signal to the valve 118 during a portion of the 
compression stroke. 

Referring now to Figs. 3 and 4a-j, the combustion 



chamber 50 Is formed within the cylinder 14 between 
the regenerator 51 and the piston 28. The intake port 54 
and the exhaust port 58 are formed within the cylinder 
head 42 in communication with the cold chamber 52 lo- 
s cated between the cylinder head 42 and the regenerator 
51 through the intake valve 62 and the exhaust valve 
66. The fuel injector 76 and the cooling liquid injector 
110 are disposed within the cylinder block 12. 

It should be recognized that although the present 

10 invention is described in connection with a conventional 
four-cycle intemal combustion engine, other engine 
configurations and variations may be used. 

Referring more specifically to Figs. 4a-4j, the four 
stroke operating cycle of the engine 1 0 illustrating a sec- 

is ond embodiment of the Invention Is depicted. The pri- 
mary difference between the design of Figs. 2a-2j and 
the design of Figs. 4a-4j is that the high temperature 
volume, where the combustion occurs, is located be- 
tween the regenerator 51 and the piston 28, rather than 

20 between the regenerator 51 and the cylinder head 42. 
This is referred to as a hot piston engine design. The 
first step in the cycle (Fig. 4a) consists of opening the 
intake valve 62 while the piston 28 is near the top of its 
stroke, with the exhaust valve 66 closed, and with the 

25 regenerator 51 positioned as closely as possible to the 
top of the piston 28. The piston 28 and regenerator 51 , 
together, are then moved to the bottom of the stroke 
(Figs. 4a-4b). The downward motion of the piston 28 
draws fresh air into the cold chamber 52 through the in- 

30 take valve 62. The intake valve 62 is now closed (Fig. 
4c), and the piston 28 and the regenerator 51 are moved 
upward (Figs. 4c-4d) together to the top of the stroke, 
compressing the air into the volume at the top of the 
combustion chamber 50. During the intake stroke (Fig. 

36 4b), the controlling means 108 sends a signal to the 
valve 118toopen allowing cooling liquid to enter the cold 
chamber 52 through the nozzle (not shown) in the injec- 
tor 110 as is described above in more detail in the first 
embodiment (Figs 2a-2j). As the piston 28 approaches 

40 the top of the stroke, the regenerator 51 is separated 
from the piston 26 and moved to the top of the cylinder 
14 (Figs. 4d-4e). As the regenerator 51 moves upward, 
the lower temperature compressed air enters its cooler 
upper surface and is forced to pass through the regen- 
ts erator core 84, and in so doing, is heated by the regen- 
erator 51 . Fuel Is now injected from the fuel injector 76 
into the combustion chamber 50 between the top of the 
piston 28 and the bottom of the regenerator 51 (Fig. 4f ), 
and Is ignited by the high temperature of the air The hot, 

so high pressure working fluid pushes the piston 28 to the 
bottom of Its stroke, while the regenerator 51 is caused 
to remain at rest near the top of the cylinder 14 (Figs. 
4f-4g). During the downward motion of the piston 28, the 
hot working fluid expands and converts part of the heat 

55 contained in the working fluid into work. As the expan- 
sion stroke nears completion (Fig. 4h), the regenerator 
51 is moved from Its position near the top of the cylinder 
14 down toward the piston 28, passing through the ex- 
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panded working fluid, and absorbing the unutilized liigli 
temperature heat which it contains. As the worl^ing fluid 
is cooled by its passage through the regenerator 51 , the 
pressure in the cylinder is reduced. As the regenerator 
51 is moved downward, the exhaust valve 66 is opened 
(Fig. 4i). The piston 28 and the regenerator 51 meet and 
then move upward together, expelling the spent, cooled, 
working fluid through the exhaust valve 66 (Figs. 4l-4j). 
The exhaust valve 66 now closes, the intake valve 62 
opens, and the next cycle begins (Fig. 4a). 

Two stroke cycle operation of the engine 10 of Fig. 
3 is similar to the four stroke cycle described above. The 
two stroke cycle operation begins with the compression 
stroke. The piston 28 and regenerator 51 are positioned 
closely together and are at or near the bottom dead cent- 
er position (BDC). Both the intake and exhaust valve 
62,66 are closed. The piston 28 and regenerator 51 are 
moved upward together, compressing the air into the top 
part of the cylinder bore 14. At or near the end of the 
compression stroke, the regenerator 51 separates from 
the piston 28 and moves upward through the com- 
pressed air to the top of the cylinder 14, heating the air 
to a high temperature. The injector then injects fuel into 
the heated air between the piston 28 and the regenera- 
tor 51 . The fuel is ignited by the high temperature of the 
air, by the hot bottom surface of the regenerator 51 , and 
by buming, adds heat to the working fluid. The fuel could 
also be injected and burned during the expansion 
stroke. The hot, working fluid pushes the piston 28 
downward, and during its expansion converts some of 
the heat into work. The regenerator 51 stays near the 
top of the cylinder 14 during most of the expansion 
stroke. At some point during the expansion stroke, the 
regenerator 51 starts to move downward, and shortly 
thereafter, the exhaust valve 66 opens. Since most of 
the working fluid is still at a high temperature, the pres- 
sure in the cylinder 14 is higher than atmospheric, and 
the working fluid flows through the regenerator 51 and 
out the exhaust valve 66. The working fluid gives up Its 
unutilized high temperature heat while passing through 
the regenerator 51 . As soon as the pressure in the cyl- 
inder 1 4 has fallen sufficiently the intake valve 62 opens. 
Scavenging now occurs with both valves 62,66 open 
and fresh air entering to displace exhaust gas. Both 
valves 62,66 subsequently close early in the compres- 
sion stroke. During this portion of the cycle, the control- 
ling means 108 sends a signal to the valve 118 to open 
allowing cooling liquid to enter the cold chamber 52 be- 
tween the regenerator 51 and the cylinder head 42 
through the nozzle (not shown) in the injector 110. It 
should be understood, as mentioned above, that the 
controlling means 108 may send the signal to the valve 
118 during a portion of the compression stroke. When 
the regenerator 51 closely approaches the piston 28, 
and the pressure approaches atmospheric, the intake 
valve 62 closes, and the next cycle begins. 

The addition of cooling liquid into the intake air cools 
the intake air to a lower temperature allowing a thermal 



regenerator to transfer its absorbed heat to the intake 
air at a greater capacity. Therefore the quantity of heat 
exchanged by the regenerator is increased, the temper- 
ature of the exhaust is reduced and the effectiveness of 
s the thermal regenerator is increased. Alternatively the 
cooling liquid may be used to reduce the temperatures 
required for combustion and the regenerator while main- 
taining very high engine efficiency. 

10 

Claims 

1. An internal combustion engine (10) having a cylin- 
der block (12) with a cylinder (14) defined therein, 

IS a crankshaft (20) rotatably mounted within the cyl- 
inder block (12), a piston (28) operativeiy associat- 
ed with the crankshaft (20) and mounted for recip- 
rocation between a top dead center position and a 
bottom dead center position in the cylinder (14), a 
20 cylinder head (42), a thermal regenerator (51) po- 
sitioned within the cylinder (14) and movable to 
preselected positions between the piston (26) and 
the head (42), the regenerator (51) defining with 
one of said piston (28) and said head (42) a com- 
25 bustion chamber (50) and defining with the other of 
said piston (28) and said head (42) a cold chamber 
(52), intake valve means (62) for selectively admit- 
ting intake air into the cold chamber (52), exhaust 
valve means (66) for selectively expelling exhaust 
30 gases from the cylinder (1 4) between the piston (26) 
and head (42), means (76) for injecting fuel into the 
cylinder (14) for combustion in the combustion 
chamber (50), characterised in that: 

injection means (110) for supplying cooling 
35 liquid into the cold chamber (52) during operation 
of the engine (10). 

2. The engine of claim 1 , further comprising means 
(68) for sensing the humidity of the intake air. 

40 

3. The engine of claim 2, wherein the sensing means 
(68) provides signals to regulate the timing of the 
injection means (110) for regulating the quantity of 
cooling fluid injected into the cold chamber (52). 

45 

4. The engine of claim 1 , wherein the injection means 
(1 1 0) is arranged to supply cooling liquid during the 
intake stroke. 

50 5. The engine of claim 1 , wherein the injection means 
(1 1 0) is arranged to supply cooling liquid during the 
compression stroke. 

6. The engine of claim 1, wherein the combustion 
55 chamber (50) is defined between the piston (28) 
and regenerator (51 ) and the cold chamber (52) Is 
defined between the head (42) and regenerator 
(51). 
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7. The engine of claim 1, wherein the combustion 
chamber (50) is defined between the head (42) and 
regenerator (51) and the cold chamber (52) is de- 
fined between the piston (26) and regenerator (51 ). 

5 

8. An engine system including an engine according to 
any of claims 1 to 7 and a source of cooling liquid 
(116). 

9. The engine system of claim 8, wherein the cooling io 
liquid has a high latent heat of vaporization. 

10. The engine system of claim 8, wherein the cooling 
liquid is water. 

IS 
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